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Abstract 
Proton exchange membrane (PEM) fuel cells are showing promise as an energy source, but 
efficiency issues block commercialization. Research is currently focused on improving 
components of the fuel cell, and this report concerns gas transport when the gas diffusion layer 
(GDL) contains water. Through-plane permeability was measured using a pure nitrogen stream in 
GDLs saturated with water. Pressure-based and humidification-based saturation systems were 
constructed to hydrate the GDL, and subsequent permeability calculations were compared against 
dry GDL permeability values. It was found that the presence of liquid water in the GDL harms gas 
transport and damages GDL structure.  
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1. Introduction 
In the last two decades, significant progress has been made on the understanding of fuel cells as a 
solution in the search for fossil fuel alternatives. Proton Exchange Membrane Fuel Cells 
(PEMFCs) have emerged as one of the most promising types of fuel cells for commercialization, 
but several limitations to cell efficiency hinder integration into the market as a mainstream energy 
source. To overcome these efficiency issues, work is currently being done to optimize the gas 
diffusion layer (GDL), which aids in the distribution of reactant gases to the catalytic layer and 
helps in conduction of current through the entire cell. 
 
In PEM fuel cells, the reactants are hydrogen and oxygen gas, and the main product is electricity 
with water and heat as unwanted byproducts. These gases must be able to pass from the outside of 
the fuel cell to the catalytic layers to react and in the process form electricity; however, water 
production from this reaction can hinder gas transport if managed ineffectively. Water presence is 
beneficial to PEMFC performance, as it helps in proton conduction across the membrane. Thus, 
many fuel cells include humidifiers to humidify reactant gases and introduce water to the 
membrane and catalytic layers. Yet, in excess, the water can impede gas transport and damage the 
structure of the fuel cell. Recent developments to the GDL have worked to mitigate these issues, 
including the introduction of hydrophobic chemicals to the layer, and the integration of a 
microporous layer (MPL) that has pores too small for water to enter. These additions have made 
strides in decreasing the amount of water entering the GDL, but more research must be done to 
better understand the effect of water presence within the GDL. 
 
The objective of these experiments was to intentionally saturate the GDL with liquid water and 
study the effects this saturation has on gas permeability through the layer, and also investigate the 
change in porosity due to water content in pores. In the scope of this project, “wet void fraction” 
is based on the simplification that water content and solid material both effectively block gas travel, 
thus creating a decreased pore area in wet samples. Ex-situ worst-case scenarios were conducted 
in a fundamental fuel cell by forcibly passing large volumes of water through a GDL using vacuum 
force and seeing the change in pressure drop between these wetted GDLs and their dry 
counterparts. More realistic ex-situ scenarios involved humidifying reactant gases, and allowing 
this water vapor to condense on the surface of the GDL sample by leaving the fundamental cell at 
ambient temperature. From pressure drops obtained in these studies, Darcy’s Law was used to 
calculate permeabilities.   
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2. Background 
2.1 Hydrogen Fuel Cell Technology 
Fuel cells are devices that utilize chemical energy to produce electricity. This technology has 
several clear advantages over other conventional fossil fuel and renewable sources. Fuel cells 
demonstrate a high efficiency and since the mechanical structure of fuel cells is simple, they are 
highly reliable and quick to start up for use. Fuel cell operation is also quiet, making them an 
attractive option in small commercial electronics such as mobile phones and computers and in 
urban areas where noise pollution is already a major problem. Finally, fuel cells produce no 
hazardous or environmentally harmful by-products, as their only products are electricity, water, 
and heat. Altogether, the benefits of fuel cell technology have the potential for mainstream use in 
commercial and industrial applications [1].  
 
In fuel cell operation, the reactant “fuels” are hydrogen and oxygen gas that react to form 
electricity, with water and heat as byproducts. The overall reaction a fuel cell regulates [1] is 
 
2H2 + O2 → 2H2O + electricity + heat 
 
A diagram of this fuel cell reaction can be seen in Figure 1. This reaction is separated into two 
regions of the cell, the anode and the cathode. At the anode, hydrogen gas is oxidized, separating 
into its protons, which move across the membrane and electrons, which are used for the generation 
of electrical power. 
 
2H2 → 4H+ + 4e- 
 
At the cathode, oxygen is reduced, reacting with the electrons and protons from the oxidized 
hydrogen to form water. 
 
O2 + 4e
- + 4H+ → 2H2O 
 
3 
 
Figure 1. The Basic Layout and Reaction Diagram of a Hydrogen Fuel Cell [2]. 
 
2.2 Proton Exchange Membrane Fuel Cells 
Proton exchange membrane fuel cells (PEMFC) are a hydrogen based fuel cell that currently show 
promise as a fuel source in portable electronics and small transportation vehicles [3-8]. By using 
hydrogen and oxygen as fuels, PEMFCs produce no environmentally hazardous emissions and are 
thus highly considered as an alternative to fossil fuels [3, 6, 8].  
2.2.1 PEM Fuel Cell Structure 
A PEMFC consists of two bipolar plates and the membrane electrode assembly (MEA).  
 
Bipolar Plates 
The bipolar plates of a PEM cell are designed to provide access points for reactant gases into the 
fuel cell and to maintain electrical current through the fuel cell device. As such, they are 
constructed from conductive materials such as graphite. Their location in a fuel cell system can be 
seen in Figure 2. To increase distribution of the reactant gases across the entirety of a fuel cell 
surface, flow beds are often etched into the bipolar plates [1]. Hydrogen and Oxygen gas must 
flow through these channels and into the MEA. 
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Figure 2. Stacked PEM fuel cell assembly for a cell system. 3 individual cells are pictured with 
each MEA serving as an independent reaction point for the fuel gases [9]. 
 
Membrane Electrode Assembly (MEA) 
The MEA consists of the proton exchange membrane, two catalyst layers, and two gas diffusion 
layers. The proton exchange membrane is an electrolytic polymer which allows the transfer of 
protons from the anode to the cathode of the cell. The two platinum catalytic layers further 
facilitate the breakdown of hydrogen into H+ ions. Finally, the gas diffusion layer provides 
transport channels for the reactant gases and product water, and also aids in the fuel cells electrical 
conduction [1]. The entire PEMFC construction can be seen in an exploded-view diagram in Figure 
3. While gas has access to the surface of the catalytic layer, it cannot travel pass through the 
catalytic layer or the proton exchange membrane. 
 
Figure 3. Exploded-view diagram of a typical PEM fuel cell, with a conductive terminal plate 
included between the bipolar plate and terminal plate [10]. 
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2.2.2 Limitations 
While PEMFCs are highly anticipated as an alternative fuel source, several obstacles decrease the 
efficiency of the cell, impeding its integration into the commercial market [3, 5, 6, 11]. These 
issues all contribute to energy loss within the cell, falling into three main categories of energy loss: 
activation losses, ohmic losses, and mass transfer losses. Activation losses are associated with the 
energy required to start up a cell. Ohmic losses are due to a material's resistance to electrical 
conduction, meaning that they are proportional to the cell's thickness. Finally, mass transfer losses 
are caused by impedances of gas and ion exchanges. Thus, mass transfer losses result from 
improper diffusion levels, poor water management, and membrane degradation [11]. 
 
These different energy losses tend to be observed at distinct voltages and current densities within 
a fuel cell. At low voltages and high current densities, the most substantial energy loss is sourced 
to mass transfer deficiencies. At low voltages and low current densities, activation losses are most 
responsible for energy drops. Ohmic losses are a source of energy loss at any voltage and current 
density, but are the primary reason for energy loss in the voltages and current densities between 
the activation region and mass transfer region [1]. This can be illustrated in Figure 4, which depicts 
the voltage and current density relationship within the typical PEMFC.  
 
Figure 4. Polarization Curve of a PEMFC [1].  
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2.3 Gas Diffusion Layer 
The gas diffusion layer (GDL) is an essential part of a PEMFC. Modern GDLs consist of carbon 
fibers, typically in the form of a carbon paper, cloth, or a felt. Located between the bipolar plates 
and the core components of the MEA, the GDL must facilitate both current flow and gas transfer 
between the two adjacent layers and also provide structure to the MEA [13]. In proper operation, 
this layer also promotes water transfer out of the MEA through proper channels, thereby ensuring 
continuous gas transport to the catalytic layer [14].  
2.3.1 GDL Structure 
The GDL is typically composed of two individual layers: the macroporous substrate (MPS) and 
the microporous layer (MPL). The MPL has been a more recent addition to the GDL, as early 
PEMFCs only contained an MPS. These early GDLs exhibited poor water management, inhibiting 
effective gas diffusion to the catalytic layer and ultimately decreasing the electrical output of the 
cell [7]. Additionally, due to prolonged water presence within the MEA, the membrane and catalyst 
degraded at an accelerated rate [13]. Thus, the MPL was added to aid in water management. These 
two layers can be seen in Figure 5. 
 
Figure 5. Comparison between an MPL coated GDL and a GDL with only an MPS. Dark color 
on SGL 34 BC is the carbon powder coating MPL. 
 
The MPS is situated nearest to the gas flow channels to facilitate large scale gas diffusion into the 
MEA. The MPL is positioned in contact with the catalytic layer to improve water transport out of 
the cell through intended channels and to prevent water access to the GDL. This structure can be 
seen in Figure 6. 
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Figure 6. GDL Breakdown within a PEMFC in relation to gas channels and catalytic layer. 
 
Macroporous Substrate 
The macroporous substrate (MPS) is designed to allow for higher fluid flow and to conduct current 
through the cell. The MPS typically consists of one of three different media: carbon paper, carbon 
cloth, or carbon felt. The fiber structures within these materials tend to create pore sizes ranging 
from 1 to 150 μm, making them large enough for larger scale gas transport [3]. The MPS is usually 
treated with polytetrafluoroethylene (PTFE) to prevent water accumulation in the GDL. PTFE is 
a highly hydrophobic polymer that can complement the hydrophobic nature of the carbon fibers of 
the GDL and consequently help repel water within the GDL to decrease flooding in the MEA [6]. 
 
Microporous Layer 
The microporous layer (MPL) is an additional layer coated onto an MPS to improve cell 
performance [8]. The MPL is composed of fine carbon particles such as carbon black or flake 
graphite that have been deposited onto the MPS surface [13]. This constitution results in 
significantly smaller pore sizes than those seen in the MPS, in the range of 2-200 nm [3]. Due to 
the hydrophobic nature of the GDL material and hydrophobic additives including PTFE, this layer 
also prevents water from entering the GDL and instead promotes flow out of the MEA through 
intended water channels. 
2.3.2 Role of the GDL 
The fundamental roles of the GDL are to optimize water content within the MEA, to regulate gas 
flow to the catalytic layer, and to pass charge from the bipolar plate to the catalytic layer. All of 
these together improve fuel cell performance and can also increase the cells structural lifespan [5]. 
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The GDL ensures that the membrane is hydrated to a saturation that allows optimal proton 
conduction while driving excess water out of the cell to ensure sufficient gas transport to the 
catalytic layer and to avoid structural damage [13]. The GDL also has a level of electrical 
conductivity to ensure that the current passing through a multi-cell assembly is able to conduct 
efficiently through the MEA [8]. The GDL also serves as a structural support to the delicate 
catalyst layer and PEM by forming a mechanical connection between the rest of the MEA and 
bipolar plates [14]. 
 
2.4 Fluid Flow in the GDL 
The GDL is designed to ensure that fuel gases are adequately and evenly provided to the catalytic 
surface. This means that the MPL and MPS contained therein must be designed such that oxygen 
and hydrogen can pass from their respective gas channels to the catalytic layer and membrane. 
Thus, it becomes important to understand how fluid moves through the GDL. 
 
Flow within the GDL is regulated by two types of transport: convective transport and molecular 
diffusivity. Convective transport is frequently witnessed as fluids flow between concurrent 
channels within the GDL, making it important when investigating in-plane flow in the GDL; 
molecular diffusivity, however, is the main driving force of gas and water flow in a GDL, as it 
directs fluid flow through the GDL from the gas channels to the catalytic layer. In tandem, these 
two flows can describe flow patterns through the GDL with relative accuracy and can be pictured 
in Figure 7. 
 
Figure 7. Gas transport through GDL flow channels. Most gas in a flow channel flows via 
molecular diffusion, but some crosses in between channels via convective transport 
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2.5 Gas Diffusion Layer Permeability 
An essential step towards understanding fluid flow through a GDL is the investigation of transport 
phenomena within a GDL. The complex physical structure of the GDL gives rise to equally 
complex fluid flow from the gas channels to the catalytic layer. The most important properties of 
the GDL to explore in this scope are the permeability and porosity of the layer. Permeability 
through the GDL indicates the ease in which a gas can move through a porous media [3]. The 
porosity, or void fraction, measures the percentage of total volume that is not solid within a GDL. 
These voids serve as channels that gas can pass through. In the case of most paper-based GDLs, 
there is a high anisotropy in the arrangement of the carbon fibers, creating complex flow patterns 
[5]. To best understand the individual planar flows to simplify gas transport, the flow of gas can 
be divided into through-plane and in-plane transport. 
 
Through-plane permeability measures the flow of gas in the intended direction through the GDL 
from the gas channel to the catalytic layer. This direction of travel can be seen in Figure 8. 
Through-plane permeability is primarily governed by molecular diffusion, but convective 
transport can play a small role in this direction of flow [8]. 
  
Figure 8. Through-plane permeability within a GDL 
 
In-plane permeability measures the flow of gas laterally through the GDL medium, perpendicular 
to the intended flow direction. In contrast to through-plane permeability, in-plane permeability is 
governed by convective transport in between the main flow channels between the adjacent layers 
of the fuel cell [9]. In-plane permeability is diagrammed in Figure 9. 
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Figure 9. In-plane permeability within a GDL 
2.5.1 Viscous Permeability 
The viscous permeability of a gas is useful for describing fluid behavior at low velocities [11]. In 
these cases, the viscous flow of a gas can be described by Darcy’s Law: 
𝛥𝑃
𝛥𝑥
=
𝜂𝑣
𝐾𝑣
 
where ΔP is the change in pressure in Pa; 
Δx is the change in distance in the x direction in m; 
η is the viscosity of the fluid in Pa⋅s; 
v is the velocity of the fluid in m/s; 
Kv is the viscous permeability of the fluid in m
2. 
 
This method of analysis is beneficial for small cells operating with low gas velocities; however, 
for larger cells, nonlinearities appear when plotting pressure gradient against velocity, indicating 
that this equation is no longer valid in the higher range of gas velocities. To satisfy this, an 
additional term must be added [7]. 
2.5.2 Inertial Permeability 
The high flow velocity problems are satisfied by adding a term into the Darcy equation that takes 
into account inertial permeability. This term resolves the nonlinearity seen in higher flow systems 
[8]. By adding this new term, the Darcy equation is modified into the Darcy-Forchheimer 
Equation: 
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𝛥𝑃
𝛥𝑥
=
𝜂𝑣
𝐾𝑣
+
𝜌𝑣2
𝐾𝑖
 
where ρ is density in kg/m3; 
and Ki is inertial permeability in m. 
 
While both of these permeabilities are important to understanding the global permeability of the 
cell, viscous permeability has significantly more impact at low velocities. 
2.5.3 Permeability Optimization 
Since the permeability of a material dictates how easily a gas can pass through, it appears clear 
that higher permeability would result in high cell performance due to easy gas transport to the 
catalytic layer; however, high permeability also means that water is able to enter the material, 
which would undermine gas transport by clogging pores. Thus, it is important to optimize the 
permeability such that there is adequate gas transport without allowing liquid water access to the 
material [15]. 
 
Additionally, if permeability is too high, the contact resistance of the GDL increases drastically, 
and results in low efficiency and a waste of reactants [15]. 
2.6 Water Management 
Controlling water content within a PEMFC is crucial to the performance and durability of the fuel 
cell. Water presence at the membrane can increase proton conductivity, making it beneficial to 
keep the core of the MEA hydrated; however, flooding of the catalytic layer and GDL can hamper 
gas flow, impeding the cell’s chemical reaction and consequently lowering cell performance. 
Worse, flooding can damage the structural integrity of the GDL, catalytic layer, and membrane. 
Flooding creates channels through any of these fragile layers and in extreme cases will wash away 
entire regions of a GDL or catalytic layer [13]. Therefore, it is imperative to create a balance 
between water’s benefits to conduction and deterioration to MEA structure.  
 
A hydration method employed in modern PEM fuel cells is the humidification of the oxygen fuel 
gas. This technique is especially helpful if the drainage channel removes water at a faster rate than 
the cell reaction produces water. By increasing the relative humidity of the gas entering the fuel 
cell to a level that would offset the loss of water due to the GDL, then the water content in the fuel 
cell’s MEA could be kept constant at a desired level [1]. Additionally, since this water is entering 
as a vapor, it is able to pass through the GDL uninhibited. This also means that the cell must be 
heated to a temperature where the water water vapor will not condense within the GDL where it 
can inhibit gas flow.  
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3. Methodology 
For this report, a range of Sigracet-Germany carbon paper GDLs were used. These included GDLs 
that had no hydrophobic treatment or MPL, GDLs that only had a hydrophobic treatment, and 
GDLs that had both. They were tested on a “fundamental” cell designed in the LRGP fuel cell 
laboratory to test planar permeabilities. In the first set of experiments, a GDL saturation system 
was constructed and used, while the second set used a humidifier to hydrate the inlet gas passing 
through the GDL.  
3.1 GDL Selection 
For this report, a range of Sigracet-Germany carbon paper GDLs were used. Sigracet uses a naming 
convention that will be employed throughout the remainder of this report. Each GDL is given as a 
two-digit number followed by two letters. The number indicates the grade that the GDL belongs 
to. Each grade has its own fiber structure, porosity, and anisotropy, making different grades behave 
uniquely. The letters following the number indicate the treatments applied to the GDL. AA grade 
GDLs contain only a macroporous layer with no additional treatments. BA grade GDLs contain 
an MPL treated with 5% PTFE. Finally, the BC grade GDLs contain both a 5% PTFE treatment in 
the MPS and a microporous layer coating. The differences can be visualized in Figure 10. 
 
Figure 10. Comparisons between different Sigracet GDL grades, with the PTFE treatment and 
MPL coating varying between different grade GDLs. 
 
Differences between the internal structure of different grades of GDL make comparisons between 
grades difficult, so much of this report focuses on differences between the different types of GDL 
within the same grade. For example, many comparisons were drawn between 24 AA, 24 BA, and 
24 BC, as they are all members of the 24 grade of GDLs, indicating that the fiber structure and 
development method was consistent across all three. A full list of GDLs tested, along with the 
grade breakdowns can be found in table 1.  
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Table 1. Properties of Sigracet GDLs [16, 17]. 
GDL Grade 
Thickness 
(μm) 
Specific 
Weight 
(g/m2) 
PTFE 
Treatment 
MPL 
Coating 
Dry Porosity 
(%) 
24 AA 190 72 0% No - 
24 BA 190 103 5% No 84 
24 BC 230 143 5% Yes 76 
28 AA 200 72 0% No 82 
28 BC 240 127 5% Yes 80 
29 AA 200 56 0% No 80 
29 BC 250 127 5% Yes 80 
34 BA 270 111 5% No 83 
34 BC 320 175 5% Yes 75 
39 AA 280 72 0% No 80 
39 BC 330 135 5% Yes 80 
30 BC 300 199 5% Yes - 
38 BC 320 159 5% Yes 80 
 
The GDLs were tested using only pure nitrogen gas; however, in humidification experiments this 
gas stream was humidified with water vapor. Additionally, in pressure saturation experiments 
liquid water was present within the GDL. Pure nitrogen was preferred to air as it is more chemically 
inert than an air stream would be. Additionally, since nitrogen comprises the majority of air, the 
differences in molecular weight, viscosity, and size would be negligible.  
 
3.2 Fundamental Fuel Cell 
To isolate the permeabilities of the two planar directions of fluid flow in a GDL (in-plane and 
through-plane), ENSIC’s LRGP group developed a “fundamental” cell, diagrammed in Figure 12.  
3.2.1 Fundamental Cell Construction 
The fundamental cell has two main parts: the top assembly containing a 5 mm diameter inlet flow 
channel and a thermocouple used to measure the internal cell temperature and the bottom assembly 
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containing the two planar outlet gas channels and several concentric elements shown in Figure 11. 
At the center of the bottom assembly is a 5 mm diameter outlet channel used during through-plane 
measurements. Around this is a 13 mm diameter gasket that seals the GDL for in-plane 
permeability experiments. These are both situated at the center of a 16 mm diameter bed on which 
a GDL sample rests. Outside of this bed is a 23 mm diameter cavity that provides access to the in-
plane outlet flow channel. Finally, the 35 mm outer gasket is located outside of the cavity to seal 
the entire system within from the environment. 
 
Figure 11. Bottom assembly with important components labelled. 
 
When assembled and closed using 4 bolts, the center chamber and GDL sample are sealed from 
the environment. Connected to this central chamber, the two 5 mm diameter channels can variably 
be used for outlet gas flow. The first is located on the opposite end of the GDL, parallel to the inlet 
and designed to channel gas in the through-plane direction. The second is located to the side of the 
GDL sample, seen in the top right of the image in Figure 11, perpendicular to the inlet and designed 
to force in-plane gas transport. By closing one of these channels, it directs all gas flow in one 
intended planar direction, allowing isolated study of transport phenomena in that axis. 
3.2.2 Fundamental Cell Operation 
For these experiments, the cell’s bolts were tightened to 1.0 N⋅m and the flow rates varied from 
10-150 NmL/min. 
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Figure 12. Fundamental fuel cell diagram and assembly. 
 
To effectively measure in-plane and through-plane permeabilities, the cell and GDL must be 
handled in distinct ways. For through-plane permeability, the gas flows from the top surface of the 
GDL through to the bottom surface. Thus, the outlet channel found on the side of the fundamental 
cell must be closed to ensure all gas flows out through the bottom channel. For in-plane 
permeability, the gas flows from the top surface and out radially to the edges of the GDL. To allow 
this, the outlet channel on the bottom of the fundamental cell was closed. Additionally, to ease the 
movement of gas in the in-plane direction, a 6 mm diameter hole is removed from the center of 
the GDL, as pictured in Figure 13. In both cases, a 20 mm diameter sample of GDL was cut out to 
be placed within the fundamental cell. Additionally, if the GDL sample contained a microporous 
layer, this layer was placed face down toward the bed on which it rests. 
 
Figure 13. Through-Plane and In-Plane GDL samples prepared for their respective fundamental 
cell setups. 
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The permeabilities calculated in this report build on previous research done by PhD students at 
ENSIC, as all dry through-plane and in-plane permeabilities were calculated during earlier 
research. These values can be found within table 3 in Section 4.2; however, an introductory step 
within this scope of work was to calculate the permeabilities of three grades of GDL recently 
acquired by the LRGP team for study.  
3.3 GDL Saturation System 
The GDL saturation system, diagrammed in Figure 14a, was constructed to force water flow 
through a GDL sample in order to saturate the GDL. The system, constructed from a PMMA 
polymer, consisted of a 300 NmL upper tank where 200 NmL of water measured in a 100 NmL 
graduated cylinder was added, and a 300 NmL lower tank where a 70 mbar vacuum was created 
using an ME 2C NT Vacuubrand vacuum pump and where water was collected. In between the 
chambers, a 40 mm diameter GDL sample was placed on a perforated tray pictured in Figure 14b. 
For samples with a microporous layer, the MPL was placed face-down on the tray. When a vacuum 
was drawn, the water in the top tank would pass through the GDL, saturating the sample in the 
process. 
a) b)  
Figure 14. a) GDL saturation system diagram. b) Perforated tray on which the GDL rests. 
In early iterations of this experiment, the GDL sample dried out too quickly, as the GDL would be 
at least partially dried before the first set of saturated sample measurements could be taken. To 
mitigate this, between 5 NmL and 50 NmL are left to rest in the top chamber above the GDL 
sample, ensuring that the GDL retains water. If all the water were to pass through the GDL, the 
vacuum would subsequently pull air from the top chamber through the GDL, drying out the 
otherwise saturated sample. In the event that the water passed through at a rate too high to properly 
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stop before it all passed through, 50 mL of water would be added back to the top tank to allow for 
rehydration of the GDL.  
3.4 Experimental Bench Setup 
The experimental bench was designed to pass a gas through a GDL sample at multiple flow rates 
to measure pressure drop. In the two methods of hydration, several changes were made to the 
overall system, most noticeably the humidification system. 
3.4.1 Pressure Based Hydration Setup 
To test gas permeability through a saturated gas diffusion layer (GDL), a test bench containing a 
fundamental cell was used, and a GDL saturation system was constructed. The bench system, 
pictured in Figure 15, was comprised of a feed N2 stream governed by a 2 NL/min Brooks Smart 
II mass flow meter, a Brooks Instrument Process Controller, the fundamental cell, an outlet flow 
stream, a Keller 200 mbar differential pressure meter, a Newport Infinity pressure indicator, and a 
Bios DryCal MC-500 flow calibrator. This system sends gas through a GDL sample at a specific 
flow rate in order to measure the pressure drop across the sample, which in turn is used to calculate 
the permeability.  
 
Figure 15. Experimental bench setup highlighting important system elements. 
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When testing in the saturation-based hydration system, the initial 40 mm diameter GDL sample 
cut out to be inserted into the saturation system was first weighed using a mass balance. After 
becoming saturated using deionized water, the wetted sample was weighed again to determine the 
mass of water within the GDL. From this, a 20 mm diameter disk was punched from the original 
sample to be used within the experimental bench and fundamental cell.  
 
In the experimental bench, the wetted sample was tested at flow rates ranging from 10-150 
NmL/min. At each flow rate, the pressure drop was measured; however, during this process the 
GDLs frequently dried out during testing, so the wetting process was repeated again and the 
remaining flow rates were tested.  
 
The recorded values during experimentation included the ambient temperature in the room 
(typically between 23 and 26℃), pressure drop in mbar, volumetric flow rate in NmL/min, and the 
base pressure reading which would be subtracted from the recorded pressure drop.  
 
At the completion of permeability testing, the wetted samples were saved to be photographed in a 
scanning electron microscope to analyze the surface microstructure.  
3.4.2 Humidification Based Hydration Setup 
A different approach to GDL wetting was humidifying the reactant gas and allowing it to condense 
on the surface of the GDL. This required a modified version of the bench used for the pressure-
based hydration method. The reactant gas was first passed through a humidifier operating between 
43 and 46℃. The humidifier was heated by a single pass process water stream heated to 50℃. 
This heated and humidified gas was then passed from the humidifier to the fundamental cell 
through an inlet pipe. To prevent condensation before the fundamental cell, a heating coil set to 
run at 60℃ was installed around the pipe to keep the water in a vapor phase. To ensure that water 
would condense on the surface of the GDL in the fundamental cell, heating coils typically used to 
keep the cell near 40℃ were removed. Consequently, the temperature within the fundamental cell 
ranged from 23 to 27℃, causing some of the vapor in the humidified gas to condense on the GDL 
sample within the cell, thus wetting the GDL and giving the desired conditions for 
experimentation. A labelled image of the setup can be found in Figure 16. Again, flow rates 
ranging from 10-150 NmL/min were tested for each GDL.  
 
The recorded values during experimentation included the ambient temperature in the room, the 
temperature inside the cell, the temperature of the gas leaving the humidifier, the temperature of 
the heating coil, the pressure drop in mbar, the volumetric flow rate in NmL/min, and the base 
pressure reading which would be subtracted from the recorded pressure drop. 
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Figure 16. Humidification system bench setup with important components highlighted. 
3.5 Supplemental Experimentation 
Due to some early findings, additional tests were conducted to more deeply investigate some of 
the results. Tests included SEM imaging, additional permeability tests, modifications to 
experimental setups, and time studies. 
3.5.1 Modifications to Saturation-Testing 
During pressure-based saturation testing, the direction of the MPL within the saturation system 
was altered. For the majority of testing, it was placed on the perforated tray face-down; however, 
to understand the effect of the MPL on water retention, it was placed face-up so that it was the first 
element of the GDL that the water passed through rather than the last. It was hypothesized that the 
decreased pore size in both the MPL and the intermediate region where the MPL and MPS mix 
was responsible for higher water retention than in GDLs that lacked an MPL. Other than the 
inversion of the GDL for BC grades, all other elements of this experiment were identical to the 
pressure-based hydration setup outlined in Section 3.4.1. 
3.5.2 Drying Experiment 
To analyze whether wetting was the prime reason for pressure drop changes witnessed during 
pressure-based saturation experiments, a GDL was wetted using the saturation system described 
in Section 3.3; however, instead of measuring the pressure drop at a variety of flow rates in the 
fundamental cell, the GDL was instead subjected to a continuous 100 NmL/min flow for an hour. 
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Thus, changes in pressure drop were compared against time as opposed to against changes in flow 
rate. This time aspect would separate pressure drop caused by water from pressure drop caused by 
change or damage to the GDL’s structure. If the pressure drop remained constant over time, it 
would indicate that the change in pressure drop was a result of changes to the GDLs physical 
properties; otherwise, if the pressure changed with time, it would indicate that the change seen in 
pressure drop was due to water. As the GDL dried, the pressure drop would gradually return to 
that observed in a dry GDL.  
3.5.3 SEM imaging 
At the conclusion of the pressure-based saturation testing, SEM surface imaging was conducted in 
order to investigate how water passing through the GDL in large volumes affects the structure. 
Thus, SEM imaging was used to view the GDLs surface at 55x and 200x magnification to analyze 
changes to the microstructure compared to samples that were never wetted. From this analysis, it 
was hypothesized that the GDL was damaged during wetting, and additional permeability tests 
were proposed. 
3.5.4 In-Plane Permeability Testing of Post-Wetting Samples 
To confirm patterns seen in SEM surface images of the GDLs, permeability tests were performed 
on all wetted samples to compare the permeability of these now-dry GDLs against those that were 
never wetted. This involved the same setup as previous dry permeability experiments, with the 
nitrogen gas flow rate varying from 10-150 NmL/min and the pressure drop being measured for 
each flow rate. In-plane permeability was preferred over through-plane since it effectively 
disregards the microporous layer, and instead focuses on exclusively the macroporous substrate 
observed in SEM imaging.  
3.6 Data Analysis 
3.6.1 Permeability Calculations 
 
Darcy’s law, equation 1, relates the change in pressure over a distance to fluid velocity [5]. In a 
one-dimensional system, this equation is described as: 
                    
𝛥𝑃
𝛥𝑥
=  −(
𝑛
𝐾𝑣
)𝑣    (1) 
where ΔP is the change in pressure in Pa, Δx is the change in distance in the x-direction in m, η is 
the viscosity of the fluid in Pa•s, Kv is the viscous permeability in m
2, and v is the velocity of the 
fluid in m/s. This equation is valid at low velocities, which validates the use of an unmodified 
Darcy’s equation in these experiments to calculate the permeability of the gas at a specific flow 
rate. 
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For through-plane calculations, used in both the permeability measurements for recently received 
GDLs and in water saturation experiments, the gas velocity was calculated using equation 2: 
𝑣 =
𝑄
𝜋𝑟2
     (2) 
where v is the velocity of the gas, Q is the volumetric flow rate of the gas, and r is the radius of 
the gas inlet pipe in the fundamental cell. 
 
For in-plane calculations, used only in the new GDL permeability measurements, the average gas 
velocity was calculated using equation 3: 
𝑣𝑎𝑣𝑔,0 =
𝑄
2𝜋𝐿(𝑅𝑒−𝑅𝑖)
𝑙𝑛
𝑅𝑒
𝑅𝑖
            (3) 
where vavg, 0 is the average velocity, L is the thickness of the GDL, Re is the outer radius of the 
GDL, and Ri is the inner radius of the GDL. 
3.6.2 Dry GDL Porosity Calculations 
The specific weight of dry samples was obtained from literature values in order to be able to 
calculate porosity of the GDL sample. 
  
The porosity of the gas diffusion layer could be calculated using equation 4 seen below: 
               𝜀𝑑𝑟𝑦 = 1 −
𝛾
𝜌𝐿
                          (4) 
where εdry is the porosity of the dry GDL sample, γ is the specific weight of the GDL in kg/m
2, ρ 
is the density of carbon fiber obtained from literature values in kg/m3, and L is the thickness of the 
sample in m. 
3.6.3 Volume Calculations 
In this report, four distinct volumes are important to understand the effect of water on gas transport: 
total volume of the GDL sample, the volume of voids within a sample, the reduced volume of 
voids in a wetted sample, and the volume occupied by water within a sample. 
The total volume of the sample is given by assuming the sample is a cylinder, and thus applying 
equation 5: 
     𝑉𝑡𝑜𝑡 = 𝜋𝑟
2𝐿                      (5) 
where Vtot is the total volume in m
3, r is the radius of the sample in m, and L is the thickness of the 
sample in m. From this, the dry void volume, Vvoid, dry can be calculated by multiplying the total 
volume in equation 5 by the porosity calculated in equation 4. This new value describes the total 
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amount of space that can be occupied by the nitrogen gas. To determine the amount of volume 
occupied by water in a wetted sample, equation 6 can be used: 
   𝑉𝐻2𝑂 = 𝑉𝑣𝑜𝑖𝑑,𝑑𝑟𝑦 − 𝑉𝑣𝑜𝑖𝑑,𝑤𝑒𝑡            (6) 
where VH2O is the volume of water, is the void volume in a dry sample, and Vv,wet is the void 
volume in a wet sample. From the result obtained with equation 6, the percentage of voids filled 
with water could be found with: 
𝑉% =
𝑉𝐻2𝑂
𝑉𝑣𝑜𝑖𝑑,𝑑𝑟𝑦
∗ 100    (7) 
where V% is the void percentage filled. This indicates what percentage of the voids gas can no 
longer travel through due to water blockage, and can give insight into the permeability of wet 
samples. 
 
Finally, the new void fraction in the wetted sample could be calculated 
𝜀𝑤𝑒𝑡 =
𝑉𝑣𝑜𝑖𝑑,𝑑𝑟𝑦 − 𝑉𝐻2𝑂
𝑉𝑡𝑜𝑡
                         (8) 
where εwet is the void fraction of the wet GDL sample. For this value, an assumption is made that 
the water filling some of the pores within the GDL behaves essentially the same as the GDL 
material in relation to gas flow, such that it blocks flow completely in the pores in which it 
occupies. This assumption allows for comparisons to be made between the tortuosity of the dry 
GDL sample and the tortuosity in samples where water occupies the largest, least complicated 
pores. Additionally, by using this void fraction, a Knudsen diffusivity can be calculated for wetted 
samples when the volume available to gas transport is decreased.  
3.6.4 MPL Permeability Estimations 
As part of this study, permeability values for the MPL layer of BC grade GDLs were estimated. 
Using equation 9 below, these values were deduced utilizing known data about the MPS 
permeability from other grades of GDL. 
𝐾𝑣,𝑀𝑃𝐿 =
𝐿𝑀𝑃𝐿
𝐿
𝐾𝑣
−
𝐿𝑀𝑃𝑆
𝐾𝑣,𝑀𝑃𝐿
   (9) 
where Kv, MPL is the permeability of the microporous layer, LMPL is the thickness of the MPL, 
LMPS is the thickness of the microporous layer, obtained from the values for non-MPL coated 
GDLs, and the Kv,MPS is the permeability of the microporous substrate, also obtained from the 
values for non-MPL coated GDLs. 
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3.6.5 Tortuosity and Knudsen Diffusivity Estimations 
Tortuosity and knudsen diffusivity values for each GDL were estimated in order to understand 
how intrinsic properties of these layers affect gas transport through the GDL. To calculate 
tortuosity, the Tomadakis-Sotirchos (TS) model was employed which solves for tortuosity using 
equation 9: 
𝜏 = (
1 − 𝜀𝑝
𝜀 − 𝜀𝑝 
)
𝛼
     (10) 
where τ is the tortuosity of the GDL, ε is the porosity of the sample, and α and εp are constants 
that depend on fiber arrangement and direction of flow relative to the planes of the fibers. In this 
study, α = 0.785 and εp = 0.11. The fiber structure is assumed as 2-dimensional and the flow 
direction is considered normal to the fiber plane [11]. 
 
Knudsen diffusivity of a porous media is given by:  
𝐷𝑖
𝐾𝑒𝑓𝑓 =
𝜀
𝜏
0.89 ∙
2
3
𝑟𝑝 (
𝑅𝑇
𝜋𝑀𝑖
)
1
2
   (11) 
where Di
Keff is the effective Knudsen diffusivity of species i in m2•s-1, rp is the pore size, R is the 
ideal gas constant in J•mol-1•K-1, T is temperature in K, and Mi is the molecular weight of 
species i in g•mol-1. 
3.6.6 Error Estimation 
To understand the accuracy of the analytical equipment used, each piece of equipment was 
analyzed to understand individual accuracy limitations. Additionally, each sample was recorded 
in triplicate to ensure repeatability of experimentation and measure differences between runs. In 
all, the uncertainty for the GDLs used for the study was usually estimated at around ± 5 – 10 %. 
This uncertainty could be larger with certain GDLs where the differential pressure never exceeded 
1 mbar for the MPL-less samples. 
4. Results and Discussion 
In this section, the results obtained for the various measurements and their relevant discussion are 
presented. This section is divided into five subsections: Permeability tests of 3 GDLs recently 
obtained by the LRGP group, the results of pressure-based saturation experiments, transport 
measurements of condensation-based saturation experiments, estimation of GDL structural 
properties, and the effect of water on the GDL microstructure.  
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4.1 Recently Acquired GDLs 
Before conducting liquid water testing, the in-plane and through-plane permeabilities were tested 
for recently acquired GDLs 29 AA, 39 AA, and 39 BC. These permeabilities were essential for 
comparison with the wet samples, so they were the first calculation. 39 AA, and 39 BC, the 
through-plane and in-plane permeability were calculated. The through-plane permeability of 39 
AA was found to be 6.54x10-10- m-2, noticeably higher than all other AA grade GDLs. 39 BC, too, 
had the second-highest through-plane permeability observed after 30 BC. These results indicate 
further developments made by Sigracet to reduce anisotropy within their GDLs. A full list of 
permeability results can be found in Table 2. 
Table 2. Single dry gas through-plane and in-plane permeability results for recent GDLs. 
GDL Thickness (μm) TP Permeability (m2) IP Permeability (m2) 
29 AA 200 2.2 x 10-10 6.68 x 10-11 
39 AA 280 6.54 x 10-10 7.82 x 10-11 
39 BC 330 5.02 x 10-13 2.01 x 10-11 
4.2 Pressure-Based Saturation Method 
The pressure drop measured in the fundamental cell was shown to increase using wetted GDLs in 
place of dry GDLs. Additionally, the porosity decreased in wetted GDLs compared to dry 
counterparts, indicating that liquid water was occupying a portion of the voids within the GDL and 
consequently impeding gas flow through the GDL. Full results of these results can be seen in Table 
3. The through-plane permeabilities, calculated using Darcy’s Law, also showed a decrease 
between dry and wet samples, further supporting porosity and pressure drop results in regard to 
gas movement through the GDL. 
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Table 3. Permeability, void fraction, and water blockage results of laboratory experiments in 
wetted GDLs in comparison to dry GDLs (sample size 40 mm diameter for void fraction 
estimations). 
GDL Dry Permeability 
TP (m2) 
Wet Permeability 
TP (m2) 
Dry Void 
Fraction (%) 
Percent of Pores 
Blocked by 
Water (%) 
24 AA 6.17 x 10-12 3.60 x 10-12 82.8 50.6 
24 BA 5.80 x 10-12 5.10 x 10-12 75.4 22.2 
24 BC 6.01 x 10-14 4.98 x 10-14 71.7 72.4 
28 AA 8.10 x 10-12 7.40 x 10-12 81.9 58.3 
28 BC 1.99 x 10-13 1.96 x 10-13 75.9 21.9 
29 AA 2.20 x 10-10 1.60 x 10-10 87.3 36.5 
29 BC 2.20 x 10-13 2.07 x 10-13 76.9 58.0 
30 BC 8.04 x 10-13 4.87 x 10-13 69.8 30.4 
34 BA 4.36 x 10-11 1.96 x 10-11 81.3 10.9 
34 BC 1.11 x 10-13 6.60 x 10-14 75.1 23.2 
38 BC 2.97 x 10-13 1.97 x 10-13 77.8 19.3 
39 AA 6.54 x 10-10 3.25 x 10-11 88.4 70.8 
39 BC 5.19 x 10-13 5.02 x 10-13 81.3 29.7 
 
In all cases, the permeability and porosity decreased between dry and wetted GDL samples, 
confirming that water in the GDL decreased the ease of gas transport. The change in permeability 
in MPL-coated and uncoated GDLs are shown in Figures 17 and 18 respectively. 
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Figure 17. Permeability comparison between dry and wetted BC grade GDLs. 
 
 
Figure 18. Permeability comparison between dry and wetted BA and AA grade GDLs. 
This decrease seen across all GDLs indicates that the water retained by each GDL forces the same 
amount of gas to pass through a smaller number of pores within the layer, thereby increasing the 
pressure drop. 
When comparing pressure drop values to gas velocities through the GDL, the pressure gradient 
increased linearly with gas flow velocity through the GDL. Additionally, the pressure gradient 
increase was sharper in wetted GDLs than in dry GDLs. Figures 19, 20, and 21 display the 
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difference in pressure gradient increase between a dry and wetted 24 BC, 24 BA, and 24 AA GDLs 
respectively. 
 
Figure 19. Comparison between wet and dry 24 BC GDL pressure gradients and flow velocities. 
The slope of the line demonstrates the difficulty of gas transport through the GDL. 
 
Figure 20. Comparison between wet and dry 24 BA GDL pressure gradients and flow velocities. 
The slope of the line demonstrates the difficulty of gas transport through the GDL. 
28 
 
Figure 21. Comparison between wet and dry 24 AA GDL pressure gradients and flow velocities. 
The slope of the line demonstrates the difficulty of gas transport through the GDL. 
In order to ensure that water was, in fact, the main differentiating factor causing the rise in pressure 
drop, permeability, and porosity, wetted GDLs were left to dry in the cell after the first rounds of 
measurements. After 10 minutes, the pressure drop was tested again at each flow rate and 
compared to the previous measurements. This was repeated once more approximately 20 minutes 
later. In all fourteen GDLs tested, the pressure drops decreased as time passed, indicating that 
liquid water was most responsible for the pressure drop increase compared to a dry sample. 
4.2.1 Effect of MPL on Water Retention 
Upon comparing the 24 grade BA and BC GDLs, it was found that the MPL had a significant 
impact on water retention. The permeability of 24 BC was far lower than that of 24 BA; however, 
this is the case of the dry 24 BC GDL as well due to the presence of the MPL.  
 
In terms of porosity, wetting appeared to have a much larger effect on the MPL containing GDL. 
Pore space blocked by water was higher in a wetted 24 BC GDL than in the wetted 24 BA GDL, 
with 72.4% of pores blocked versus 24 BA’s 22.2% or even 24 AA’s 50.6% . This suggests that 
there is a high water content within 24 BC’s pores, far higher than that within 24 BA’s pores.  
 
The MPL in the 24 BC GDL made water transport out of the GDL during the hydration phase of 
the experiment far more difficult than in the non-MPL 24 BA GDL, resulting in higher water 
retention and thus lower porosity values. A diagram illustrating this circumstance can be seen in 
Figure 22.  
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Figure 22. Comparison between water retention in a GDL with only an MPS and a GDL with 
both an MPS and MPL. 
 
Similar trends can be seen in the 34 grade of GDLs. The wetted 34 BC GDL exhibits far lower 
porosity values than the wetted 34 BA GDL, and the percentage of voids occupied by water in the 
BC GDL is 5% higher than in the BA GDL. The mass of water within the 24 BC GDL, too, was 
275% higher than that seen in 24 BA. These values again indicate that the MPL has a major role 
in water retention and can dramatically impair water transport. In 34 BC, 10% of the channels 
previously accessible to gas transport in a dry sample have been blocked in a wetted sample.  
The BC GDLs were also tested with the MPL facing upright in the hydration system, and in these 
instances, the porosity and permeability values reflected dry values more than wet values seen in 
experiments with the MPL down. This reinforces the idea that having the water-resistant MPL at 
the bottom of the assembly during hydration causes a high level of water retention that inhibits gas 
transport since when it is at the top and the pores at the exit of the assembly are far less water-
resistant, the water retention drops considerably.  
4.2.2 Effect of PTFE on Water Retention 
When the MPL is taken out of consideration, there are still noticeable differences between porosity 
and permeability values in non-coated GDLs. Again in the 24 GDLs, 24 AA exhibited far higher 
water retention than 24 BA. 24 AA experienced water blockage in 50.6% of voids while 24 BA 
experienced water blockage in only 22.2% of voids. Additionally, the mass of water in 24 AA was 
150% higher than that in 24 BA. These results indicate that the PTFE treatment was effectively 
dispelling water from the GDL, since the 24 BA GDL, which has the PTFE treatment is displaying 
lower levels of water retention than 24 AA. It is also important to note, then, that the 
hydrophobicity of the PTFE in the MPL coated GDLs does not offset the substantial difference in 
permeability caused by the MPL, resulting still in higher water retention despite the increased 
hydrophobicity of the GDL. 
30 
4.2.3 Time-Based Drying Experiments 
To verify that water was the primary source of permeability change witnessed in the saturation 
experiments, a 34 BC GDL was saturated and placed within the fundamental cell and subjected 
to a constant 100 NmL/min nitrogen flow. The pressure drop was recorded each minute for one 
hour. From these experiments, it was evident that water was the cause of the permeability 
change, for as the water was gradually removed from the GDL by the nitrogen gas stream, the 
pressure drop decreased. As seen in Figure 23, the pressure gradient decreased relatively 
consistently as the GDL dried, thus confirming the validity of earlier experimentation.  
 
Figure 23. Pressure gradient versus time for a wet 34 BC GDL. 
4.3 Condensation-Based Saturation Method 
The pressure drops measured in the fundamental cell during humidification were inconclusive 
when comparing the GDL samples exposed to humidified gas to those exposed to dry gas. For 
most cases, the permeability of the GDL exposed to humidified gas was actually seen to be higher 
than that exposed to dry gas; however, in a few other instances, the permeability went down in the 
GDLs exposed to humidified gas. The comparisons can be seen in Figures 24 and 25, and full 
results can be seen in table 4. 
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Figure 24. Permeability comparisons for GDLs without an MPL coating between the dry 
permeability and the “wet” permeability. 
 
 
Figure 25. Permeability comparison for GDLs with an MPL coating between the dry and wet 
permeabilities in humidification experiments. 
 
As demonstrated in the Figures above, the causes of permeability change among humidified 
samples appear indiscriminate concerning MPL presence, PTFE impregnation, or GDL grade. The 
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apparent randomness of these results indicate that the methodology of this experiment was not 
sufficient for proper surface saturation on the GDL samples within the fundamental cell. 
 
The heating coils keeping the water in the humidified gas in the vapor phase enveloped the gas 
inlet line directly up to the fundamental cell. This small length of space from the end of the inlet 
pipe to the GDL sample was likely not enough to allow for the requisite condensation necessary 
to create noticeable changes in pressure drop. Thus, the only difference seen between the dry gas 
and humidified gas experiments are the benefits to gas transfer across the GDL due to water-
backed diffusion.  
 
Table 4. Comparisons between dry through-plane permeability and wet through-plane 
permeability attained by the humidification saturation technique in Sigracet GDLs. 
GDL Dry Permeability Wet Permeability (Humid) 
24 AA 6.17 x 10-12 9.75 x 10-12 
24 BA 5.80 x 10-12 1.16 x 10-11 
24 BC 6.01 x 10-14 6.35 x 10-14 
28 AA 8.10 x 10-12 1.06 x 10-11 
28 BC 1.99 x 10-13 2.96 x 10-13 
29 AA 2.20 x 10-10 1.69 x 10-10 
29 BC 2.20 x 10-13 5.12 x 10-13 
30 BC 8.04 x 10-13 4.90 x 10-13 
34 BA 4.36 x 10-11 6.84 x 10-11 
34 BC 1.11 x 10-13 9.30 x 10-13 
38 BC 2.97 x 10-13 1.80 x 10-13 
39 AA 6.54 x 10-10 2.13 x 10-10 
39 BC 5.19 x 10-13 3.32 x 10-13 
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4.4 Trends in Intrinsic Structural Properties 
When trying to compare the change in a GDLs void fraction due to water saturation to the change 
seen in permeability, no clear trends arose. It was anticipated that as the void fraction within the 
GDL decreased, the permeability of gas within the GDL too would decrease in a proportional 
manner. As the space for gas to travel would go down, it would make sense for the gases' ability 
to travel would go down accordingly. While the porosity did decrease as permeability decreased, 
the scale at which it decreased occurred without an apparent pattern, as visualized in Figure 26. 
While not included in Figure 26, non-MPL coated GDLs display a similar lack of pattern as seen 
in the MPL coated GDLs. 
 
Figure 26. Comparison between the change in void fraction and the change in permeability 
across MPL-coated GDLs when dry and wetted. 
In 38 BC for example, the void fraction decreased by only 9% while the permeability decreased 
by 34%; however, in 29 BC, the void fraction decreased by 26% while the permeability decreased 
by only 6%.  
The lack of discernible pattern could be due to the differences in internal structure between the 
two different models, as both the thickness and carbon fiber construction change between models. 
This theory is supported by results seen in other studies comparing the porosity and permeability 
of porous media [11].  
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To better understand the nature of the GDL microstructure and gas transport through the GDL, 
tortuosity and Knudsen diffusivity estimations were conducted. Tortuosity changes in the GDL 
were calculated between the dry and wetted samples from the pressure-based saturation method, 
clear increases in the tortuosity were seen across all GDLs. Additionally, tortuosity changes 
provide insight into the apparent randomness of the permeability changes between GDL grades. 
For GDLs with large changes in void fraction during the wetting process, the tortuosity was also 
shown to have large changes too. This indicates that water was occupying the largest and least 
complicated pores of the GDL samples, as the largest pores would compose the majority of the 
void fraction, resulting in large void fraction changes. These larger pores are also the least 
complicated for gas to pass through, leaving only smaller, more complicated channels for gas 
transport. In this way, the tortuosity also changes greatly. The relation between void fraction 
change and tortuosity change can be seen in Figure 27. 
 
Figure 27. Comparison of the tortuosity in dry and wet GDLs  
Knudsen diffusivity values were also estimated in dry GDLs and their wet counterparts obtained 
during the pressure-based saturation experiments. The results of these estimations further reinforce 
previous analysis regarding water’s effect on gas transport. In all GDLs, the calculated diffusivities 
for wet samples were uniformly lower than their dry counterparts, as illustrated in Figure 28. 
Clearly, the internal structures of the GDL have significant impacts on gas transport, and the 
changes to them due to water residence are seen across all the GDLs. Resultantly, the more 
complex the internal structure, the more gas flow will be hindered. In the presence of water, the 
internal structure only becomes more complicated as water fills the largest and most accessible 
pores within the GDL. 
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Figure 28. Knudsen diffusivity comparison between dry and wet GDLs 
 
4.5 Water Saturation and Damage to the Microstructure 
After completing the pressure-based saturation method, samples used for permeability tests were 
kept for later analysis. Using a Scanning Electron Microscope (SEM), photographs were taken of 
each sample’s microstructure at 55x and 200x magnification. The SEM images taken of these 
wetted samples were then compared to SEM images taken of dry samples to investigate any effect 
the saturation may have had on the structural integrity of the GDL. After comparison, it became 
clear that the water severely impacted the structural strength of the GDL after wetting, as pore 
sizes increased and more fragile structures within the GDL were broken by water being forced 
through the material. These effects can be seen in Figure 29. 
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Figure 29. SEM surface images of 24 AA when a) dry and b) wetted. 
 
As shown in Figure 31, The pores seen in the pre-wetted 24 AA sample are smaller and sparser 
than those in the post-wetted 24 AA sample. Additionally, the solid carbon material filling the 
spaces between the wire-like fibers is damaged in the post-wetted 24 AA sample. This indicates 
that as water was moving through these pores, the continued, forceful exposure of water to the 
GDL caused extensive damage to the microstructure. This effect can be seen again in a comparison 
of 24 BA samples, seen in Figure 30. In this case again, the pores in the post-wetted sample appear 
much larger and the fibers forming the perimeter of these pores appear deformed compared to 
those in the dry GDL. Again, there is also considerable damage to the fragile carbon matting seen 
between the fibers.  
 
Figure 30. SEM surface images of a) 24 BA before wetting and b) 24 BA after wetting 
 
For a final example, this can be seen again in an MPL-coated sample, demonstrating the 
widespread effect of flooding on each type of GDL tested. In Figure 31, a dry 29 BC sample is 
compared to a post-wetted 29 BC sample, and the differences are substantial. In the wetted sample, 
there is significant damage to the carbon matting, resulting in a significant number of new pores 
in the material.  
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Figure 31. SEM surface images of a) 29 BC before wetting and b) 29 BC after wetting 
 
To corroborate observations seen during SEM imaging, the in-plane permeabilities of the wetted 
GDLs were calculated once the GDLs were fully dried. For all non-MPL coated GDLs, the 
permeability values were higher in samples that were subjected to the pressure system than in 
samples that were never wetted, shown in Figure 32. This indicates that there was some degree of 
damage to the microstructure in the MPS due to the force of the water being passed through. While 
the results were not as uniform for MPL-coated GDLs, several still show the same effect as seen 
in the AA and BA grade GDLs. It is unknown as to why a few of the GDLs, namely 28 BC, 29 
BC, and 30 BC showed higher permeabilities after being exposed to the pressure system, but one 
theory is that they were not completely dry from the wetting process they underwent earlier. 
 
 
Figure 32. In-plane permeability comparison between non-MPL coated GDLs for analysis of 
structural damage to the MPS 
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Figure 33. In-plane permeability measurements of MPL coated GDLs subjected to the saturation 
system and then allowed to dry compared against samples never subjected to the saturation 
system 
 
Accordingly, this study confirms the fact that GDL flooding incites considerable damage to the 
layer’s microstructure, and resultantly leads to problems such as increased contact resistance, 
continued water permeation into the GDL, and decreased gas transport to the catalytic layer. 
 
 
  
0.0E+00
5.0E-12
1.0E-11
1.5E-11
2.0E-11
2.5E-11
3.0E-11
3.5E-11
24 BC 28 BC 34 BC 38 BC 39 BC
In
-P
la
n
e 
P
er
m
ea
b
il
it
y
 m
2
GDL Grade
Unused Samples Subjected to Pressure System
39 
5. Conclusions and Recommendations 
Water saturation had significant impacts on permeability, pressure drop, and GDL structural 
strength, giving insight into its effect on gas transport within the GDL. During pressure-based 
saturation experimentation, wetting in BA grade GDLs tended to exhibit lower impacts on gas 
transport than in AA grade GDLs, demonstrating the efficacy of the hydrophobic PTFE coating. 
Similarly, water presence in BC grade GDLs impacted gas transport more than the BA or AA 
grade GDLs, indicating the microporous layer has a role in liquid water retention if water manages 
to enter the GDL.  
 
Condensation-based saturation was much less conclusive than pressure-based saturation, since the 
water vapor contained in the gas during experimentation was not given enough time to condense 
on the surface of the GDL, thus it simply passed through to condense in the outlet tubing.  
 
SEM imaging and subsequent permeability calculations demonstrated that the pressure-based 
saturation method inflicted damage to the microstructure of the GDL, punching new holes through 
the resin found within the GDL and even disrupting fiber structure when the volume was 
insufficient for the water flow rate. This provides insight into the effect of water flowing through 
a GDL and how it may impact the structure and performance of a GDL in the event of poor water 
maintenance allowing water into the GDL.  
 
The drying experiment for the pressure-based saturation tests revealed that the largest factor in 
these tests causing increases in pressure drops was water, as the pressure gradient slowly dropped 
over time when exposed to a constant gas flow, indicating that water was evaporating or being 
carried out by the gas.  
 
Further experimentation could attempt to repeat the condensation-based saturation method but 
investigate further the point in the inlet where heat should no longer be applied such that water 
will condense at the GDL’s surface. Additionally, both the pressure-based and condensation-based 
saturation methods could be employed in a real fuel cell to explore the scalability of the results 
found in the fundamental cell. Given the more complex flow behaviors and larger surface area, the 
results of saturation testing in real fuel cells could be far more varied and complex, but also would 
be more reflective of true values seen in routine fuel cell operation. Finally, it would be beneficial 
to recreate these experiments and varying elements of the methodology including vacuum 
pressure, GDL brand, and perhaps even saturation technique to understand further the effect of 
liquid water within a GDL.  
  
40 
References 
1. A. L. Dicks, D. A. J. Rand, Fuel cell systems explained, 3rd edn., Wiley, Hoboken, 2018.  
 
2. Functional Diagram of a Fuel Cell. RTDS Technologies. 2015. 
https://legacy.rtds.com/wp-content/uploads/2015/12/Figure-1-Functional-diagram-of-
fuel-cell.png 
 
3. L.M. Pant, S.K. Mitra, M. Secanell, Absolute permeability and Knudsen diffusivity 
measurements in PEMFC gas diffusion layers and micro porous layers, J. Power Sources. 
206 (2012) 153–160. 
 
4. L. Cindrella, A.M. Kannan, J.F. Lin, K. Saminathan, Y. Ho, C.W. Lin, J. Wertz, Gas diffusion 
layer for proton exchange membrane fuel cells-A review, J. Power Sources. 194 (2009) 
146–160. 
 
5. A. Tamayol, F. McGregor, M. Bahrami, Single phase through-plane permeability of carbon 
paper gas diffusion layers, J. Power Sources. 204 (2012) 94-99. 
 
6. P. Mangal, L. M. Pant, N. Carrigy, M. Dumontier, V. Zingan, S. Mitra, M. Secanell, 
Experimental study of mass transport in PEMFCs: Through-plane permeability and 
molecular diffusivity in GDLs, Electrochim. Acta. 167 (2015) 160–171. 
 
7. A. Tamayol, M. Bahrami, In-plane gas permeability of proton exchange membrane fuel cell 
gas diffusion layers, J. Power Sources. 196 (2011) 3559-3564. 
 
8. M.S. Ismail, D. Borman, T. Damjanovic, D.B Ingham, M. Pourkashanian, On the through-
plane permeability of microporous layer-coated gas diffusion layers used in proton 
exchange membrane fuel cells, Int. J. Hydrogen Energy. 36 (2011) 10392-10402. 
 
9. PEM Fuel Cell Stack Endplates. Peak Oil. 2017. https://www.peakoil.net/wp-
content/uploads/2017/05/pem-fuelcell-stack-endplates.png 
 
10. Fuel Cell Diagram. Peak Oil. 2017. https://www.peakoil.net/wp-
content/uploads/2017/05/Fuel-cell-image.gif 
 
11. J.T. Gostick, M.W. Fowler, M.D. Pritzker, M.A. Ioannidis, L.M. Behra, In-plane and 
through-plane gas permeability of carbon fiber electrode backing layers, J. Power 
Sources. 162 (2006) 228–238. 
 
41 
12. Typical Polarization Curve of a PEM Fuel Cell. T. Agaesse,. 
https://www.researchgate.net/figure/Typical-polarization-curve-of-a-PEM-fuel-
cell_fig2_314087767 
 
13. F. Lapicque, M. Belhadj, C. Bonnet, J. Pauchet, Y. Thomas, A critical review on gas 
diffusion micro and macroporous layers degradations for improved membrane fuel cell 
durability, J. Power Sources. 336 (2016) 40–53. 
 
14. J.G. Pharoah, On the permeability of gas diffusion media used in PEM fuel cells, J. Power 
Sources. 144 (2005) 77-82. 
 
15. H. Li, Y. Tang, Z. Wang, Z. Shi, S. Wu, D. Song, J. Zhang, K. Fatih, J. Zhang, H. Wang, Z. 
Liu, R. Abouatallah, A. Mazza, A review of water flooding issues in the proton exchange 
membrane fuel cell. J. Power Sources. 178 (2008) 103-117. 
 
16. Gas Diffusion Layer Comparison Chart. Fuel Cells Etc. 2019. 
https://fuelcellsetc.com/helpful-tools/gas-diffusion-layer-gdl-comparison-chart/ 
 
17. Sigracet. Fuel Cell Store. 2019. https://www.fuelcellstore.com/fuel-cell-
components/gasdiffusion-layers/carbon-paper/sigracet 
 
  
42 
Appendices 
Appendix A. Additional Experimentation  
To understand the differences between the fundamental cell and real fuel cell gas transport, a GDL 
was placed in a 100 cm2 fuel cell to compare real gas behavior with the fundamental cell and to 
provide permeability values for research investigating other properties of the 100 cm2 fuel cell. 
Also, the used cathode-side and anode-side GDLs from a 100 cm2 that was run for 1400 hours 
were tested in the fundamental cell to be compared against new GDL samples of the same grade. 
 
The fuel cell utilized a 23-channel plate on both the anode and cathode side of the cell. Due to the 
ribbing of the bipolar plates, the effective surface area of the cell was 28.7 cm2, meaning that only 
28% of the GDL was actually being exposed to gas flow. An image of the flow plate can be seen 
in figure 17. 
 
Figure A1. Multichannel plate used within 100 cm2 fuel cell. Each channel is 30 cm long. 
 
To use the real fuel cell, a 100 cm2 square of GDL was inserted between the bipolar plates to ensure 
gas passed through the layer during testing. Four present experimentation, a 29 BC GDL was 
utilized corresponding with that used in other research experiments being conducted with the 100 
cm2 fuel cell.  
 
The experimental bench setup used for the 100 cm2 fuel cell tests was nearly identical to that used 
in the fundamental cell experiments with the exception that the fundamental cell was replaced with 
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the 100 cm2 fuel stack. The inlet stream of dry nitrogen gas was affixed to the air inlet of the cell 
and the outlet stream was affixed to the air outlet of the cell. This fuel cell was then subjected to 
flow rates ranging from 100 - 1900 NmL/min to measure pressure drop across the GDL in this 
more complex flow system. 
 
The permeability of GDLs that had been run for 1400 hours in a fuel cell was tested and compared 
to the permeability of the same grade GDLs that were never used within a fuel cell system. 
Additionally, separate parts of the same GDL were compared against one another to investigate 
irregular aging within a fuel cell’s GDL. To do this, three samples were removed from both the 
Anode and Cathode GDLs and tested in through-plane and in-plane permeability tests. The 
samples removed from the GDLs were obtained from the top right corner, the center, and the 
bottom left corner to understand the differences in degradation between the edges and the center 
of the GDL. This can be visualized in figure 18. The values obtained were then compared against 
new samples of 29 BC GDL.  
 
 
Figure A2. Locations of GDL samples removed from the 100 cm2 used GDL. This process was 
the same for both the cathode and anode side GDLs. 
 
With a 100cm2 channel plate, offering an effective surface area of 2.9 x 10-3 m2 , the flow rate 
varied between 100-1900 Nml/min. While considering the factors that affect the permeability 
values, the applied torque was kept at 5 Nm. The figure below compares the 34 BA and 34 BC 
grades, where a minute deviation in linearity is seen. The higher pressure drop is shown by the 34 
BC (MPL) GDL. The results show that BA grades with pressure drop range from (0.7-18 mbar), 
34 BA followed by 24 BA, has the highest equivalent viscous permeability at 4.28 and 2.61 x 10-
14 m2 respectively. Following this are the MPL-layered GDLs. Essentially, MPL is known to reduce 
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the overall permeability. So, amongst the 3 BC grades, 24 BC had the least viscous permeability 
at 1.9 x 10-14 m2. The other 2 MPL-layered GDLs had values in the range 2.2-2.3 x 10-14 m2. 
 
 
Figure A2. Relationship of pressure gradient and flow velocity in both 34 BC and 34 BA in a 
100 cm2 cell 
In order to understand the nature of fuel cell size and its impact on the overall gas transport, a 
comparison is made between previously made transport measurements in a 25cm2 cell and current 
measurements from the100 cm2. It should be noted that a number of paraments in both the cases 
are different, including (1) Applied torque where the100 cm2 has an applied torque of 5 Nm and 
the 25 cm2 cell has an applied torque of 3.5 Nm , (2) overall exposed surface area where the 100 
cm2 cell has 2.9 x 10-3 m2 and the 25 cm2 cell has 1.6 x 10-3 m2 , (3) and channel design.  
 
For a 24 BA sample, the viscous permeability is 2.61 x 10-14 m2 in the 100 cm2 cell, whereas it is 
1.91 x 10-13 in 25 cm2 cell. For 24 BC, the viscous permeability was 6.1 x 10-14 m2 for the 25 cm2 
cell and 1.99 x 10-14 m2 in the 100 cm2 cell. Essentially, it is seen that in the 25 cm2 cell, gas 
transport is consistently higher. Though the smaller cell has a lesser exposed surface area and lower 
compression, it works comparatively better in terms of gas transport; however, this does not 
constitute enough evidence to opt for a smaller cell compared to the larger one, as larger cells 
offers other advantages making them more effective.    
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Appendix B. Table of All Compiled Data 
 
